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1. INTRODUCTION
As the globalization process has transformed the world into an increasingly integrated
global economy, air transportation has become one of the primary means to support this
process by providing the most efficient way to connect people, countries and cultures.
However, due to increasing mandatory security requirements, and increasing passenger
traffic, security checkpoint related processes have become one of the major bottlenecks
among airport operations.
After the events of September 11 2001, the Transportation Security Administration
was established to take over the function of appropriately screening air travelers in
order to avoid any other terrorist attacks or threats that could affect the stability of the air
transportation industry. These changes, however, came with a high price.

The

throughput of passengers used to be 500-600 passengers/h/lane up to September 2001
when it immediately dropped to 100-150 passengers/h/lane, because of the newly
implemented security procedures (Barros, Tomber, 2010). This drastic reduction in the
processing rate has increased the waiting time for passengers, and consequently, the
likelihood that passengers miss flights, or airlines delay flight departures. In 2003 the
increase in waiting time and travel delays represented a loss of over $85 billion dollars
to the United States GDP (Blalock, Kadiyali, Simon, 2005). This research aims to
evaluate through discrete-event simulation analysis, the current logistics of the security
screening related processes, and potential alternative solutions that might mitigate the
main causes of delay in security checkpoints.
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2. BACKGROUND
Alleviating bottlenecks in security checkpoints and adapting security procedures to
continuously changing threats have been issues of interest for many years. Several
solutions have been studied, and many of those have been implemented already.
Herbert Systems, leaders of innovative technology in airports industry, installed 16
automatic tray return systems in 2011 at London Stansted. This innovative technology
consists of a single conveyor that automatically returns trays as they reach the end of
the checkpoint lane, in order to present them to the incoming passengers who need to
divest for screening (2013). This system reduces the manual handling of trays. It
also maximizes throughput in a way that more passengers can be preparing for
screening at the same time, because they do not have to wait on an officer to bring
them their trays. Therefore, it also eliminates the need of staff to carry the stacks of
trays from the end of the checkpoint to where passengers divest. Consequently, this
allows relocating staff where the process does require human capabilities to increase
reliability and the system’s ability to detect a signal or ignore a false alarm.
Several studies have been conducted to determine where to best utilize the human
resources in security checkpoints. Alexander Barros and David Tomber claimed in their
quantitative analysis of passenger and baggage security screening that the x- ray has
proved to be the main bottleneck, because the input for the scanner is highly variable
among passengers (2010). In discussions with TSA officials, the security screening was
compared to a manufacturing process in which incoming passengers represent the raw
materials, and a safe passenger is the output or product. However, unlike most
manufacturing processes, the screening of passengers does not have any control over
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the condition in which raw materials enter the process. Thus, many times the x-ray
operator has to interrupt the flow, because a passenger did not divest appropriately or
did not pack appropriately for the operator to be able to ignore a particular false alarm.
This issue incentivized the Transportation Security Administration (TSA) to investigate
alternatives to standardize the input to the scanner and minimize the time it takes the
operator to reject a false alarm or identify a potential threat. Consequently, the TSA
valued the fundamental role that divestiture officers play in interacting with the
passengers and instructing them on how to appropriately divest when preparing for
screening. Their studies have demonstrated that security checkpoints that provide
instructions to passenger during the divestiture stage have an average throughput of
140 passengers/h/lane, which is 9% higher than that of checkpoints that do not employ
divestiture officers, because x-ray operators are less likely to interrupt the passenger
flow through the checkpoint to recheck a bag (Passenger Facilitation, 2011).
These improvements take very good care of the front end and the x-ray. However,
very few studies have been conducted on eliminating the bottlenecks at the back end of
the process. In fact, the TSA evaluates the checkpoints efficiency in terms of the
processing time from the instant passengers join the queue for checking their
documents with a Travel Document Checker (TDC) up to the time when they are able to
pick up their belongings from the exit roller or composure tables (CDG, Rev. 5.1, 2014).
Thus, this efficiency measure does not take into account the time passengers take to
compose. We are not aware of any studies on evaluating how this part of the process
affects the overall performance of the system.
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Nevertheless, the passenger flow in the back end is as important as the flow in the
TDC and in the divestiture stage. As a TSA official claimed in a discussion, “There has
to be a balance between the front end and the back end of the process in order to
achieve an optimal performance”. This is clearly demonstrated when passengers are
flowing optimally through divestiture and the x-ray, but the x-ray operator has to stop the
process, because there is not enough space on the exit roller for items to be delivered.
This often occurs in airports with a high percentage of leisure passengers who carry
many items when travelling. Because it is difficult for these passengers to carry more
than two trays, containing all of their belongings, these passengers often compose on
the conveyor, right next to the scanner until they have at least put on their shoes. This
prevents the passengers from getting to an area where they can compose without
obstructing the way of other passengers.
In an effort to minimize the number images that the scanner examines per
passenger, the Federal Aviation Administration, the national aviation authority of the
United States, limited the number of items that passengers are allowed to pass through
checkpoints to two items. Indirectly, this has also alleviated the clustering of passengers
in the composure area, because passengers do not have many items to handle.
However, this solution does not account for passengers who comply with this
requirement, but for whom might take longer to compose for different reasons such as
their age, travelling experience, or travelling with children. Naturally, these passengers
take longer in composing than the average, because of their physical capabilities,
expertise in security checkpoints or dependents to take care of, respectively. Even
though the proportion of these travelers is very low in most of the major airports in the

8

United States, at Orlando International Airport, people who travel for leisure contribute
to 63% of the passenger traffic.
The purpose of this research consists of evaluating, through discrete-event
simulation analysis, two alternative solutions designed to alleviate this bottleneck on the
exit roller. The first alternative consists of classifying standard passengers into
expedited and leisure passengers and having both types processing in separate lanes.
The term “Expedited” is used by TSA to identify passengers with perceived low risk who
are processed more rapidly by omitting some steps of their screening process. In this
study, the term was used to identify passengers who seem to employ at most two trays
for divesting, or seem to have more experience in airports. On the other hand, a
passenger is classified as leisure passenger if he travels in a group or seems to employ
more than two trays for divesting. The first alternative is predicted to reduce the
throughput of standard passengers overall when having a high percentage of leisure
passengers, because a high percentage of the passengers who take longer will be
processed in one lane only while the expedited lane will be idle for the most part. The
objective of studying this alternative is to determine, through sensitivity analysis, the
percentage of expedited passengers that would generate a throughput statistically equal
to the one generated when having standard passengers not classified by number of
carry-on items. Later, a second alternative will consist of applying the previous
alternative, and replacing the leisure passengers’ lane exit roller with a continuous
conveyor that does not stop moving. This conveyor is assumed to incentivize the leisure
passengers to move away from the exit conveyor, and as a result, increase the
throughput of leisure passengers. Thus, the objective of evaluating this alternative is to
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show whether implementing this circulating conveyor would allow the system to handle
a higher percentage of leisure passengers and even a higher passenger arrival rate.
The following sections will explore the system under study. The system will be
described as it currently operates in most of the airports administrated by the TSA.
Later, we will explain how the two alternatives mentioned before will alter the flow of the
system, and how they will be evaluated to address the congestion of passengers at the
composure area.

3. METHODOLOGY
3.1.

System Definition

The system under study consists of the material handling of trays and belongings, as
well as its interface with the passengers, the officers, and the Technical Security
Equipment (TSE) in security checkpoints. The system components are divided into
three lanes: one lane dedicated to Pre-Check passengers who are not required to
take off their shoes, or take out liquids or laptops from their carry-on bags. The other
two lanes are dedicated to standard passengers who are not part of the Pre-Check
program. These passengers are either expedited, who have only one carry-on, or
leisure passengers, who have more than one carry-on item. Figure 1 in Appendix A.
displays a layout of the three lanes in the system, and their respective components.
Upon arrival, passengers join either the Pre-Check passenger queue or the standard
passenger queue for document verification by a Travel Document Checker (TDC).
There is one TDC dedicated to the Pre-Check lane, and one other TDC in charge of the
two other lanes for standard passengers. TDCs also direct passengers to the lanes.
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There can be at most four passengers per lane waiting for divesting. Thus, if there is not
a spot available for passengers to wait, the Pre-Check TDC must wait until a spot opens
in the Pre-Check lane, and the standard TDC must wait until a spot opens in either of
the standard lanes, for the base model only.
Next, passengers proceed to a divestiture area where, first, they must pick up their
trays to place their belongings to go through the X-ray. The number of trays per
passenger may range from 0 to 1 for Pre-Check passengers, from 0 to 2 for expedited
passengers, and from 2 to 4 for leisure passengers. Passengers place their trays on the
first spot available in the divestiture tables, where only 6 trays fit simultaneously.
Passengers divest as they move along the tables to make their trays go through the XRay. The divestiture time also varies according to the number of trays. Thus, some
passengers may have finished divesting by the time they arrive to the opening of the XRay; others, on the other hand, may delay some extra time after they arrive at the
entrance of the X-Ray to complete divesture. Next, trays continue through a roller
conveyor that takes them to the X-Ray, where they are processed individually. At the
same time, Pre-Check passengers proceed to the Walk Through Medal Detector
(WTMD) while standard passengers go through the Advanced Imaging Technology
(AIT). The Pre-Check lane has its own WTMD and AIT while the two standard lanes
share these two resources.
After the X-Ray, trays and carry-ons continue through another roller, and are
delivered to the exit roller, where they wait until their passengers come to pick them up.
Passengers search their trays and compose until they have made sure they have
recovered all of their items. Up to 6 trays fit on this conveyor, so if there is not a spot
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available for the X-Ray operator to continue delivering cleared trays, the operator will
have to stop the screening process until a spot opens for a tray to be delivered.
After passengers complete composure on the conveyor, they place their empty trays
on the tray cart at the end of the lane, and leave the system. The trays, on the other
hand, are held on the tray cart until 30 trays have been stacked on the cart, and an
officer is ready to take them back to the start of the lane for new passengers to have
trays available to proceed through screening. Figure 2 in Appendix A, displays a
conceptual modeling of this flow of passengers and trays, which represents the flow for
a base model that does not include any alternative solution. This flow slightly changes
for modelling the alternative solutions to the problem that this study addresses.
The following section describes in detail the alternative solutions, and introduces the
changes made to the system and to the flow of passengers in order to compare the
current system to the systems where these solutions have been incorporated.
3.2.

Alternative Solutions Proposal

Two alternative solutions have been designed to avoid the congestion of passengers
around the exit roller, and the subsequent interruption of the process, because of the
inability of the x-ray officer to continue delivering items to this roller. The first alternative
consists of classifying passengers according to the type of passenger and number of
carry-on items, and processing the types of passengers in separate lanes. The second
alternative proposes incorporating the first alternative, and transforming the exit roller
conveyor of the leisure passengers lane into a non-stop circulating conveyor that
incentivizes passengers to leave the checkpoint area immediately after they have
picked up all of their belongings.
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3.2.1. Classifying Standard Passengers According to the Number of Item
Several studies have been conducted in assigning passengers according to their
perceived risk level, or their experience in airports. However, the issue addressed in this
study specifically points leisure passengers as a significant cause of congestion,
because of the number of items that these passengers usually carry with them.
Therefore, this alternative solution proposes the assignment of passengers according to
the number of items that they carry. Pre-Check passengers will be processed as in the
base model. Standard passengers, however, will be classified into expedited
passengers and leisure passengers. Each standard passenger type will be processed
by a different TDC and in a separate lane. However, the AIT will still be shared between
the standard lanes as in the base model. Figure 3. displays the system with this
alternative solution incorporated.

FIGURE 1. ALTERNATIVE 1 PASSENGER FLOW LAYOUT
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3.2.2. Circulating Conveyor
Classifying standard passengers according to the number of items they carry is
expected to fail if leisure passengers are not allowed to process through the expedited
lane when this lane is idle. Given that leisure passengers take significantly longer to
process than expedited passengers, when the percentage of leisure passengers is too
high, the leisure passengers’ lane may get too congested while the expedited
passengers lane’ may be idle most of the time. However, if the main bottlenecks of the
leisure passengers’ lane are alleviated, the alternative of classifying standard
passengers according to the number of items that they carry may be a viable solution.
As it was mentioned before, leisure passengers are more likely to stay composing in
front of the exit roller, because it is difficult for them to move with their items to a place
where they do not obstruct the passenger flow. However, if the conveyor is designed in
a way that makes them feel more comfortable moving away from the passenger flow,
this bottleneck in the leisure passengers’ lane would be improved or even eliminated
completely. Therefore, this alternative proposes a system that incentivizes leisure
passengers to compose away from the delivery of items. It consists of changing the exit
roller conveyor of the leisure passengers’ lane to a circulating conveyor that occupies
the same space or even less space than the exit roller conveyor in the current system.
This conveyor is expected to be continuously moving. After items are delivered from the
x-ray roller to this conveyor, they will circulate on the conveyor until their respective
passenger picks them up.

Thus, upon having been screened by the AIT, leisure

passengers will wait at one of six spaces of the circulating conveyor, and wait until their
trays find them while circulating on the conveyor.
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Passengers do not leave until all of their trays have been picked up. Therefore, trays
circulate separately, each occupying one cell of the conveyor, and stop at every space
to be identified by their owners. When a tray is identified by its owner, the tray is
removed from the conveyor, and waits until the last tray associated with the owner is
identified. After the last tray is taken off the conveyor, the trays are grouped together by
the passenger. There is no delay time associated with composing, assuming
passengers will pick up their belongings and leave immediately after their items have
been removed from the conveyor. Items that are not identified by a passenger and
picked up will circulate back around until they are picked up by their owner. Figure 4.
Illustrate how this circulating conveyor should appear if it is incorporated into the current
system.

FIGURE 2. ALTERNATIVE 2 PASSENGER FLOW LAYOUT
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Notice that the tray carts at both the start and the end of the lanes were eliminated in
this layout. This is because an automatic tray return system was incorporated below the
conveyors, so the space that these carts use can be saved for improving the passenger
throughput, and for eliminating the need of an officer to take the trays back to the start
of each lane. Figure 5. displays the cross section of one of the lanes in order to illustrate
how this automatic return system was incorporated into the system.

FIGURE 3. AUTOMATIC TRAY RETURN SYSTEM

For modelling these alternative solutions, a base model was developed first based
on the minimum standard requirements of TSA exposed in the TSA Checkpoint Design
Guide. Subsequently, two additional models were created by making modifications to
the base model. Several assumptions were taken into consideration in the three models
to recreate the situation as close as possible to reality, while maintaining only the
relevant issues to the problem. The following section will describe in detail these
assumptions and the reasoning that was used to incorporate them into the models.
3.3.

Modelling Assumptions

For all the three models, most of the decisions were made according to the TSA
standards described in their Checkpoint Design Guide handout. There are several
requirements regarding the dimensions of every component in a security checkpoint.
16

There should be between 4 to 15 feet from the TDC podium to the nearest tray cart.
Thus, it was assumed that at most 4 people per lane can be waiting before the tray cart
for divesting. Similarly, divesture tables should total 12 feet. Thus, assuming trays are
1.58 feet, and they are placed with the long edge facing the passenger, at most 6 trays
can fit on the divest tables. Similarly, the X-Ray area, including the X-Ray, the divesture
and the composure rollers should be around 6.5 feet long. Thus, a maximum of three
trays, one on each resource, were assumed to fit in this area. In the same way as the
divest tables, the exit roller is expected to measure around 12 feet. Therefore, at most 6
trays can fit in this roller as well as in the divesture tables.
Other assumptions were made regarding the divestiture process. In the base model,
one passenger at a time picks up his trays. Thus, passengers seize a space resource in
front of the tray cart, which is not released until they have been able to seize a space on
the divestiture tables for each of their trays. On the other hand, in the Alternative 1 and
Alternative 2 models, because of the presence of the automatic return system, several
passengers can be picking up their trays and divesting at the same time as long as
there is space in the divestiture tables. Thus, passengers only seize the space on the
divestiture table for divesting. However, in the three models, everybody is assumed to
wait for the passenger in front to move forward. Therefore, the 6 spaces in the divesture
table are overlapping. Additionally, in the three models, passengers are assumed to
divest while moving their trays along the divestiture tables to get them to the opening of
the x-ray. Thus, passengers with multiple trays may have to delay some extra time to
finish divesting. On the other hand, passengers who do not have many trays may have
already divested by the time they get to the x-ray, so they will not delay any time for
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divesting. Nonetheless, passengers are assumed to stay until all of their trays have
seized a space on the divestiture tables.
In addition, several assumptions were made in order to simplify irrelevant issues to
the problem while trying to model the system as close as possible to reality. The
number of trays per passenger varies according to the type of passenger. However, all
passengers are assumed to have at least one item to screen through the X-Ray. If a
passenger has only one item, this item is assumed to be the passenger’s carry-on. This
item will not use a tray even though is assumed to occupy the same space as a tray.
Thus, all individual spaces in the divest tables, the x-ray area and the exit roller, are of
the size of a tray. Every passenger uses one space for his carry-on plus the spaces
necessary for his trays, which may be 0 for some passengers.
In order to address the main issue of this research, some assumptions were made
regarding composure. No passengers are assumed to pick up somebody else’s
belongings. If at least one of their trays has not been delivered by the x-ray, passengers
wait until the x-ray returns all of their trays. However, unlike in the divest tables where
all passengers are assumed to enter from the first space of the tables and utilize each
of the 6 spaces until they get to the x-ray, passengers are assumed to pick up their
belongings and compose in any of the 6 spaces of the exit roller.
Finally, in the base model and in the Alternative 1 model, all passengers are
assumed to compose on the exit roller instead of using the composure benches at the
end of the lanes. In the Alternative 2 model, expedited passengers will be assumed to
process as they do in the two other models, and compose in the exit roller. Oppositely,
considering the circulating conveyor would be incorporated in the leisure passengers’
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lane only, leisure passengers are assumed to pick up their belongings and immediately
move away from the exit conveyor area.
For evaluation purposes, in Alternative 1 and Alternative 2 , it will be assumed that
leisure passengers do not start processing through the expedited lane if this one
becomes idle, so we can calculate through sensitivity analysis the ratio of expedited and
leisure passengers at which the throughput is better than in the current system or base
model. The following section will explore the reasoning behind the main input
parameters incorporated into the models.
3.4.

Input Parameters

Essential input parameters to the models were the processing times, route times,
probability distribution functions, arrival rates for pre-check and standard passengers,
and the number of replications necessary to obtain model performance measures with a
95% confidence interval. This section will explain in detail the reasoning or procedures
applied to obtain an estimate for these input parameters.
3.4.1. Processing Times an Route Times
Estimates were obtained for the time it takes passengers to process with the TDC, to
divest and compose for every tray employed, to process through the AIT and WTMD,
and to have trays being processed through the x-ray. Additionally, estimates were
obtained for the exit conveyor speed and the walking speed of passengers and officers.
For all the processing times’ estimates, educated guesses based on experience in
airports were made in the times it takes officers and passengers to do certain things.
For the human speed estimate, the average human speed multiplied by 2/3 was used,
assuming that people walk slower than the average when they are in security
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checkpoints. The conveyor speed was taken from the Website of Conroll Corporation, a
company that develops conveying systems. The estimate was made from a return
system conveyor designed for security checkpoints. The processing times and route
times’ estimates used for the models were compiled in Table 1 in Appendix B.
3.4.2. Probability Distribution Functions
Probability distribution functions were obtained for the passenger traffic breakdown into
the two types of standard passengers, and for the number of trays that each passenger
employs in the models. For the breakdown of standard passengers into leisure and
expedited passengers, we based the distribution on the traffic at Orlando International
airport where 63% of the passengers travel for leisure and the remaining 37% are
classified as business travelers or expedited passengers. On the other hand, for
estimating the probabilities regarding the number of trays for each passenger, a survey
was distributed to the members of the Industrial Engineering Department of the
University of Arkansas in order to collect statistics on the number of items that average
people carry when travelling for business and when travelling for leisure. The probability
distribution functions used for the number of trays for each type of passenger were
compiled in Table 2, Appendix B.
3.4.3. Passenger Arrival Rate
The current TSA standard is 150 standard passengers per hour in AITs and 350 PreCheck passengers per hour in WTMDs. Additionally, they expect that passengers take
no longer than 10 minutes from the time they join the queue for checking their
documents with a TDC to the time their belongings are ready to be picked up at the exit
roller. With the base model, the 10 minutes were achieved with arrival rates of 144 pre-
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check passengers and 135 standard passengers per hour. Figure 6 displays the
sensitivity analysis on the arrival rate of Pre-Check passengers and Standard
passengers with the base model.

Optimal Arrival Rate for Models
40

Time to Composure (min)

35
30
25
Expedited

20

Leisure
15

PreCheck

10
5
0
118

123

128

133

138

143

148

153

158

Arrival Rate (Passengers per Hour)

FIGURE 4. SENSITIVITY ANALYSIS ON ARRIVAL RATE

This graph represents how the passengers’ time to composure changes as the
arrival rate increases from 118 to 160 passengers per hour. With arrival rates greater
than 144 and 135 passengers for pre-check passengers and standard passengers,
respectively, the system time from the TDC to the composure area was greater than 10
minutes for either of the two types of passengers. One of the major causes of this is the
incapability of the TDC to process more than 240 passengers per hour. As the arrival
rate increases, passengers spend more time in the TDC queue, because the TDC has
more passengers to check.
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3.4.4. Number of Replications
There are several methods found in literature for determining the number of replications
that ensure a 95% confidence interval in the model performance measures. In this
study, the Half Width Ratio Method was employed (Rossetti, 2010). This method
consists of obtaining an approximate number of replications that will result in a desired
precision of a particular performance measure. First, a pilot run with 10 replications was
performed to obtain an initial half-width of 1.99 passengers on the average hourly
throughput of standard passengers. Next, it was decided that one passenger of
deviation from the average of the performance measure would be ideal for assessing
the simulation models. Therefore, using Equation 1, it was obtained that 39.6
replications would ensure one passenger of deviation.
ℎ

𝑛 ≅ 𝑛0 ( 0 )

2

ℎ

(1)

Where 𝑛0 is the number of replications used for the pilot simulation run; ℎ0 is the half
width obtained with the pilot simulation run; and ℎ is the desired half width specified.
The base simulation model was run using 39 replications. A half width of 0.81
passengers per hour was obtained. A run with 40 replications was performed to observe
whether this would approximate the half width closer to the desired precision. With this
number of replication the same precision of 0.81 passengers per hour was obtained.
Therefore, 40 replications were used for the rest of the experimental runs. The following
section will explore how the model was validated in order determine how adequately the
models represent the real situation.
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3.5.

Models’ Validation

The model validation was performed on the three models by observing the response of
the models’ performance measures when changing key input parameters. The same 2k
factorial design was performed over the three models to investigate how low and high
values for standard passengers’ arrival rate, percentage of expedited passengers, and
mean processing times at the TDC and the X-Ray affected the time to composure, and
the hourly throughput of standard passengers. The levels of the factors used in all the
three models were compiled in Table 3 in Appendix B. The complete factorial design is
displayed for the Base Model, the Alternative 1 Model and the Alternative 2 model in
Tables 4 through 6 in Appendix B, respectively.
The time to composure corresponds to the time from when passengers join the
queue for checking their documents with a TDC, up to the time when they are able to
pick up their belongings from the exit roller or composure tables. The hourly throughput
of standard passengers corresponds to the average number of passengers processed
in an hour for every type of standard passengers. In the following section, we describe,
for each model separately, how each of these measures was expected to respond to
the changes in the factors, and how these measures actually responded to the
validation experiment.
3.5.1. Base Model
In the base model, the time to composure was expected to increase for both expedited
and leisure passengers when the standard passengers’ arrival rate increased, because
there would be a higher probability that passengers queue up in every component of the
system. Similarly, the time to composure was expected to increase for both standard
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passenger types as well, when the mean processing times at the TDC and at the X-Ray
increased, because passengers would be taking longer to be processed. Oppositely,
the time to composure was expected to decrease for both expedited and leisure
passengers when the percentage of expedited passengers increased, because
expedited passengers would take less time to be processed. This increase in expedited
passenger percentage was expected to affect positively the time to composure for both
types of passengers in this model in particular, because the two types of passengers
are being processed together. Figure 5. displays the actual response of the time to
composure to the validation experiment.

FIGURE 5. MAIN EFFECTS PLOTS FOR THE TIME TO COMPOSURE - BASE MODEL
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These plots display the effect that each factor had on the time to composure of
expedited passengers, and leisure passengers, respectively in the base model. As the
slope of the effect gets steeper, the factor exerts a higher effect on the response. As we
can observe, the time to composure responded as expected to the percentage of
expedited passengers, the arrival rate of standard passengers and the processing time
with the TDC. However, the base model seems insensitive to the x-ray processing time.
This may result from the fact that the TDC and the x-ray are the main bottlenecks of the
system. Additionally, the processing at the TDC occurs first. Therefore, a change in the
processing time at the x-ray may not have any effect, unless the processing time at both
the TDC and the x-ray are changed in the same way (i.e. increase both or decrease
both).
The hourly throughput of expedited and leisure passengers was expected to
respond differently than the time to composure in some factors in the Base Model. As
the processing time with the TDC and at the x-ray increased, the throughput for both
types of passengers was expected to decrease, because all passengers are taking
longer to be processed, so fewer passengers may go out from the system every hour.
However, similar to the time to composure, the throughput of both types of passengers
was expected to increase as the arrival rate of standard passengers increased, because
there are more passengers going into the system, so there should be more passengers
going out from the system. Lastly, as the percentage of expedited passengers
increased the throughput of standard passengers overall was expected to increase,
because expedited passengers take less time to go through the system. Thus, this
allows more passengers to be processed. However, when making expectations about
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how the increase of expedited passengers would affect expedited and leisure
passengers individually, the expedited passengers’ throughput was expected to always
display an increase as the percentage of these type of passengers increases, because
they are speeding up the process overall, and they are also increasing in number.
Oppositely, an increase of expedited passengers was expected to decrease the
throughput of leisure passengers, because there would be fewer expedited passengers
being processed as the percentage increases. Figure 6. displays the actual response of
the hourly throughput to the validation experiment.

FIGURE 6. MAIN EFFECTS PLOTS FOR HOURLY THROUGHPUT - BASE MODEL
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The hourly throughput responded as expected with all of the factors. However,
different from time to composure, the hourly throughput was significantly less sensitive
to the arrival rate of standard passengers, and the processing times at the TDC. The
insensitive throughput to the arrival rate may result from having the bottlenecks at the
TDC and at the x-ray. Even if there are so many passengers arriving, the throughput
cannot increase unless the processing times decrease. Similarly, the insensitive
throughput to the processing time at the TDC may result from the fact that the
bottleneck at the x-ray still exists. Thus, even if the TDC is processing faster, this does
not make much difference to the throughput, because passengers would still need to
wait for the x-ray.
3.5.2. Alternative 1 Model
Differently from what was expected in the base model, the measures in the Alternative 1
model were expected to be less sensitive in general to any change in any of the four
factors. This was expected from the fact that the leisure passengers are being
processed in one lane only. This may cause some issues to the leisure passengers’
lane when the passenger arrival rate is too high, the processing times with the TDC and
at the x-ray are too slow or the percentage of expedited passengers is too low, because
with many leisure passengers, the system would collapse at a point at which the leisure
passengers are taking too much time to go through the system. On the other hand, the
expedited passengers were expected to have a very positive response in all
performance measures, because they would not have to wait for slow leisure
passengers when processing through the system. Figure 7. displays the response of the
time to composure to the experiment in the Alternative 1 Model.
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FIGURE 7. MAIN EFFECTS PLOTS FOR TIME TO COMPOSURE - ALTERNATIVE 1

Different from what was observed with the time to composure in the base model, the
time to composure of the two types of passengers responded oppositely between each
other to the percentage of expedited passengers. This is because of having classified
the two types of passengers, and having processed them in separate lanes. This allows
the types of passengers to be affected only by the number of passengers of their type
that are being processed. Thus, the expedited passengers’ time to composure
increased as the percentage of expedited passengers increased, because there were
more passengers in the expedited passengers’ lane to be processed. The opposite
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occurred in the leisure passengers’ lane, where the time to composure decreased as
there were more expedited passengers, because there were less passengers to be
processed in the leisure passengers’ lane.
The hourly throughput also responded as predicted for the Alternative 1 model.
Figure 8 displays the main effects plot for this response, obtained through the validation
experiment.

FIGURE 8. MAIN EFFECTS PLOTS FOR EXPEDITED THROUGHPUT - ALTERNATIVE 1

Notice, that with this model, the TDC processing time has no effect on the
throughput as the processing time at the x-ray. As mentioned before, this is one of the
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consequences of having processed the standard passengers separately according to
the number of items that they carry. This makes the throughput of expedited
passengers insensitive to the processing time at the TDC, because even if the
processing time is too high, due to their low quantity of items, these passengers would
process fast enough through the other components of the system to be able to get out.
Similarly, separating the passengers into types also makes the throughput of leisure
passengers insensitive to the processing time at the TDC, because even if the
processing time is very low, due to their high quantity of items, these passengers would
still queue up in the other components of the system. This slows their processing time
and prevents them from getting out through the system boundary.
3.5.3. Alternative 2 Model
Differently from the two models described previously, this model was expected to have
in both passenger types, a very positive response in all of the four factors, for both the
time to composure and the hourly throughput . Figure 9. displays the response of the
time to composure of expedited and leisure passengers in this model.
Differently from what was observed in the two other models, the x-ray processing
time had a very outstanding significant effect on the time to composure of leisure
passengers. This may result from the fact that the x-ray is now the only component that
prevents this model from accelerating the passenger flow. Additionally, different from
the Alternative 1 model, the time to composure is much more sensitive to the arrival rate
for leisure passengers. This may result from the fact that with the new incorporated
conveyor, the system manages to handle much higher arrival rates before backing up.
This may give us an insight of the overall objective of this study in being able to
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increase the throughput of passengers when implementing Alternative 2. Figure 10.
Displays the response of the hourly throughput of expedited and leisure passengers in
this model.

FIGURE 9. MAIN EFFECTS PLOTS OF TIME TO COMPOSURE - ALTERNATIVE 2

Unexpectedly, the hourly throughput responses were not much different from the
ones of the Alternative 1 model.

However, the arrival rate seems slightly more

sensitive. Again, this is a good sign that the Alternative 2 might be a possible solution
for increasing the throughput of standard passengers over all. The following section will
explore the method by which we analyzed whether the Alternative 2 model, containing
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the Alternative 1 incorporated may make possible to increase the overall throughput of
standard passengers at security checkpoints.

FIGURE 10. MAIN EFFECTS PLOTS FOR HOURLY THROUGHPUT - ALTERNATIVE 2

4. EXPERIMENTATION
The experimentation of this study consisted of investigating whether any of the
alternative solutions could achieve a higher throughput of standard passengers in
security checkpoints with high proportion of leisure passengers while maintaining the
TSA system time limits. For this purpose, two key performance measures were defined:
the hourly throughput of standard passengers and the time to composure. The first one
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displayed the increase in volume of passengers processed per hour. The second one
displayed whether we are complying with the TSA system time limit of 10 minutes per
passenger from the TDC queue to the time passengers arrive at the exit roller to pick up
their belongings.
First, the base model was run to obtain an initial value for the two performance
measures. According to this run, on average 129 passengers per hour were processed
through the AIT. Expedited passengers spent on average 9.12 minutes from the TDC to
the exit roller, while leisure passengers spent on average 9.43 minutes.
Later, the Alternative 1 model, having incorporated the alternative solution of
processing leisure and expedited passengers in separate lanes with one additional
TDC, was run using the same input parameters as in the base model. This alternative
improved the experience of expedited passengers, because their time to composure
dropped down to less than one minute. However, this alternative hurt the experience of
leisure passengers, because the time to composure for these passengers increased to
around 85 minutes, greater than the TSA required limits. Consequently, this alternative
lowered the standard passengers overall throughput to 108 passengers per hour. This
resulted from the fact that with such a high percentage of leisure passengers as 63%,
all the leisure passengers queued up in the leisure passengers’ lane while the expedited
passengers’ lane remained idle for most of the time.
A sensitivity analysis was conducted to determine the proportion of expedited
passengers that would result in the same hourly throughput of standard passengers as
in the base model, and the time to composure within the TSA limits of 10 minutes per
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passenger. Figure 11. displays this analysis on the hourly throughput and on the time to
composure.

Sensitivity Analysis on Expedited Passenger
Percentage (Base vs. Alternative 1)
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FIGURE 11. SENSITIVITY ANALYSIS BETWEEN THE BASE MODEL AND THE ALTERNATIVE 1 MODEL
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The first graph represents the sensitivity of the hourly throughput of standard
passengers overall when changing the expedited passengers’ percentage in both the
Base Model and the Alternative 1 Model. The second graph represents the sensitivity of
the time to composure of expedited and leisure passengers when changing the
expedited passengers’ percentage in the Base Model and the Alternative 1 Model.
As we can observe, the hourly throughput of standard passengers in the first graph
and the time to composure for both expedited and leisure passengers in the second
graph are almost completely insensitive to the Expedited Passengers’ Proportion when
evaluating the base model (Blue Series).This is a consequence of having expedited and
leisure passengers processing in the same lanes. Even if there is a high proportion of
expedited passengers, the remaining leisure passengers will make the expedited
passengers wait in the lines for being processed.
On the other hand, with the Alternative 1 Model (Red Series), the hourly throughput
in the first graph is very sensitive to the proportion of expedited passengers until it
reaches around 60% of expedited passengers in the model. At this percentage, the
Alternative 1 Model manages to achieve around 130 passengers per hour, close to the
average hourly throughput of standard passengers as in the Base Model. Similarly, at
around 60% of expedited passengers, the Alternative 1 Model manages to process both
expedited and leisure passengers within the TSA system time limit of 10 minutes per
passenger. Therefore, for the Alternative 1 to be as good as the current system, it is
necessary that expedited passengers constitute around 60% of the passengers.
However, this study addresses the possibility of improving the performance measures
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for airports with more than 63% of leisure passengers. For this reason, the Alternative 2
model was designed.
A similar sensitivity analysis was performed between the Base Model and the
Alternative 2 in order to investigate how much we could lower the percentage of
expedited passengers while staying within the same performance measures as in the
base model. Figure 12. displays this analysis on the hourly throughput of standard
passengers and the time to composure of expedited and leisure passengers.
Similar to the previous analysis, the first graph represents the sensitivity of the
hourly throughput of standard passengers overall when changing the expedited
passengers’ percentage in both the Base Model and the Alternative 2 Model. The
second graph represents the sensitivity of the time to composure of expedited and
leisure passengers when changing the expedited passengers’ percentage in the Base
Model and the Alternative 2 Model.
As we can observe, different from the previous analysis, the hourly throughput and
the time to composure for both types of passengers are insensitive to the change in
expedited passengers’ percentage as in the base model. However, different from the
Alternative 1 model, the Alternative 2 Model decreased the time to composure for both
expedited and leisure passengers to less than one minute. It seems that the circulating
conveyor allows the processing of leisure passengers to be almost as fast as the
processing of expedited passengers. Thus, the Alternative 2 model allows maintaining
an hourly throughput of close to 135 standard passengers per hour, higher than in the
base model, and equal to the arrival rate of standard passengers with a percentage of
expedited passengers as low as 15%. This implies that all passengers manage to be
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processed completely every hour with the Alternative 2 model. Therefore, increasing the
hourly throughput of standard passengers in airports with high percentages of leisure
passengers is a possibility with the Alternative 2 Model.

FIGURE 12. SENSITIVITY ANALYSIS BETWEEN THE BASE MODEL AND THE ALTERNATIVE 2 MODEL
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A 2k factorial design was used to investigate the effect of increasing the arrival rate
on the hourly throughput with the three models. Table 7 in Appendix B. displays the
levels used for each model. Table 8 in Appendix B displays the complete 2k factorial
design.
For this analysis, all the input parameters described in the Input Parameters section
were used except the arrival rate of standard passengers. Figure 13. displays the
results on the throughput of this analysis.

FIGURE 13. EFFECT OF ARRIVAL RATE ON THROUGHPUT

This graph displays the effect on the throughput of increasing the hourly arrival rate
from 135 passengers to 160 passengers in the three models. The hourly throughput is
expected to increase as the arrival rate increases. The base model is able to process
only 130 passengers, or 96% of the passengers who arrive when the arrival rate is 135
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per hour. When the arrival rate increases to 160 passengers per hour, the base model
processes around 133 passengers, or 83% of the passengers only. This results from
the fact that the leisure passengers constitute 63%. Thus, with more passengers
arriving, the process gets slower overall because 63% of the passengers process
significantly slower on average.
In the same way, with an arrival rate as low as 135 passengers per hour, the
Alternative 1 model processes around 110 passengers, which constitutes 81% of the
passengers only. Similarly as in the base model, with an arrival rate of 160 passengers
per hour, the model was able to process 118 passengers per hour, which corresponds
to 73% of the passengers. These percentages are lower than in the base model
because of the leisure passengers are processed in one lane only with no improvement
implemented to address the leisure passengers’ slow processing time.
On the other hand, the Alternative 2 model manages to process all 135 passengers
when the arrival rate is 135 passengers per hour, and it processes all 160 passengers
when the arrival rate is 160 passengers per hour. This indicates that all passengers are
being processed completely every hour with the Alternative 2 Model. However, being
able to process all passengers through the system is not the only factor to consider
when determining whether Alternative 2 is a feasible solution. The time to composure is
also very important to take into account, because it indicates whether the solution
complies with the TSA system time limit. An alternative may accomplish a higher
throughput, but if passengers do not achieve a time to composure of less than 10
minutes, the TSA may not consider the alternative. Figure 14. displays the effect on the
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time to composure of changing the arrival rate from 135 to 160 passengers per hour in
the three models.

FIGURE 13. EFFECT OF ARRIVAL RATE ON TIME TO COMPOSURE

This graph displays the effect on the time to composure of increasing the arrival rate
in the three models. Alternative 2 was the solution that achieved the highest increase in
throughput for both instances of the arrival rate. Moreover, with an arrival rate as high
as 160, both expedited and leisure passengers were able to process in less than 3
minutes. Therefore, there is plenty of additional room to increase the throughput even
more than 160 passengers per hour with the Alternative 2 model. With the Base Model,
on the other hand, the time to composure was within the 10 minutes limit for both types
of standard passengers when the arrival rate is 135. However, when the arrival rate was
increased to 160 passengers per hour, the time to composure went up to 42 minutes for
both types of passengers. With the Alternative 1 Model, the expedited passengers’ time
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to composure remained within the TSA system time limit with both instances of the
arrival rate, but leisure passengers’ time to composure exceeded the TSA system time
limit with both instances of the arrival rate.

5. RESULTS
The base model, having 37% of expedited passengers, achieved an average of 130
passengers per hour with time to composure of 9.12 minutes for expedited passengers
and 9.43 minutes for leisure passengers.
The Alternative 1 Model lowered the time to composure of expedited passengers to
0.83 minutes, but increased the time to composure of leisure passengers to 85 minutes,
outside the TSA required 10 minute limit. Thus, this alternative decreased standard
passengers’ overall throughput to 108 passengers per hour. After having performed a
sensitivity analysis on the percentage of expedited passengers, the Alternative 1 model
was able to achieve approximately the same performance measures as in the base
model only when expedited passengers where more than 60% of the passenger traffic.
The Alternative 2 Model decreased the time to composure of both expedited and
leisure passengers to less than one minute when using the original input parameters.
After having performed the same sensitivity analysis as with the Alternative 1 model, the
Alternative 2 Model was able to achieve a higher throughput and lower time to
composure for both types of passengers than in the base model, with expedited
passengers’ percentages as low as 15%.
A 2k factorial design was performed using the three models and low and high values
for the standard passengers’ arrival rate to investigate the effect on the throughput of
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increasing the arrival rate in each of the models. The base model slightly increased the
throughput with the high arrival rate, but went outside the TSA system time limit of 10
minutes with both types of standard passengers. The Alternative 1 was within the TSA
system time limit for the expedited passengers with both values of arrival rate, but
exceeded the system time limit for the leisure passengers. Additionally, the overall
throughput of standard passengers was lower than in the base model. Finally, the
Alternative 2 was able to maintain the system time limit for both types of passengers
with low and high arrival rates. Additionally, the overall throughput was higher than in
the based model in the two instances, and it was equal to the arrival rate used in each
instance.
Therefore, the Alternative 2 model was found to be the only alternative that improves
the performance measures of the base model, and can achieve a higher throughput
when the arrival rate is increased.

6. RECOMMENDATION
Based on the results of this study, we recommend evaluating further the possibility of
implementation of the Alternative 2 solution for increasing the throughput and improving
the passengers’ experience in airports with high proportion of passengers who travel for
leisure. Processing expedited and leisure passengers in separate lanes will improve the
expedited passengers’ experience, because these passengers will not have to wait for
leisure passengers to be processed. Similarly, implementing a circulating conveyor in
the leisure passengers’ lane will accelerate the flow of leisure passengers, because this
conveyor incentivizes leisure passengers to move away from the other passengers’ way
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for composing. This alternative achieves a lower processing time for both types of
passengers and a higher throughput of standard passengers overall than the current
system if the expedited passengers’ percentage is higher than 15%.

7. CONCLUSION
The problem in this study consisted of evaluating possible solutions to address the
congestion of passengers in the composure area, caused by passengers who travel
with multiple items, and who compose in the exit roller, obstructing the passenger flow.
This is a problem that airports with high volume of leisure passengers face today. Two
solutions were evaluated in order to investigate how we could increase the throughput
of standard passengers in these airports, while maintaining within the TSA system time
limit of 10 minutes per passenger.
The first alternative consists of classifying passengers into expedited and leisure
passengers according to the number of items they carry, and processing both types in
separate lanes. This alternative manages to improve the experience of expedited
passengers in terms of throughput and time to composure. However, it hurts the
experience of leisure passengers, because the time to composure for these passengers
significantly increases. Thus, this alternative achieves a lower throughput of standard
passengers overall, and is out of the TSA system time limits for leisure passengers.
The second alternative consists of implementing the Alternative 1 to improve the
expedited passengers’ experience, and incorporating a circulating conveyor in the
leisure passengers’ lane to accelerate the flow of leisure passengers. Different from
Alternative 1, this alternative manages to improve the experience of leisure passengers
as well. Moreover, it accelerates the process for both types of passengers to ¼ of the
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time that expedited and leisure passengers currently spend, and manages to handle a
much higher volume of passengers per hour. We recommended exploring further the
possibility of implementing Alternative 2 in airports with high volume of leisure
passengers.
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APPENDIX A - FIGURES

FIGURE 1. BASE MODEL LAYOUT
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S = Space

FIGURE 2. BASE MODEL CONCEPTUAL MODELLING
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APPENDIX B - TABLES
The following table contains the processing times of the three types of passengers used
for the three different models. All measures are in units of seconds unless indicated.
TABLE 1. PROCESSING TIMES AND ROUTE TIMES
Base Model
Alternative 1 Model Alternative 2 Model
TDC
TRIA(7, 15, 45)
TRIA(7, 15, 45)
TRIA(7, 15, 45)
Divest Time
One Space
TRIA(2,5,7)
TRIA(2,5,7)
TRIA(2,5,7)
Two spaces
TRIA(6,8,10)
TRIA(6,8,10)
TRIA(6,8,10)
X-ray*
TRIA(5,8,12)
TRIA(5,8,12)
TRIA(5,8,12)
Composure Time*
TRIA(1, 3, 5)
TRIA(1, 3, 5)
TRIA(1, 3, 5)
WTMD
TRIA(1.5, 2.5, 3.5)
TRIA(1.5, 2.5, 3.5)
TRIA(1.5, 2.5, 3.5)
Expedited TDC
TRIA(7, 15, 45)
TRIA(7, 15, 45)
TRIA(7, 15, 45)
Divest Time
One Space
TRIA(3,8,10)
TRIA(3,8,10)
TRIA(3,8,10)
Two spaces
TRIA(5,9,11)
TRIA(5,9,11)
TRIA(5,9,11)
Three Spaces
TRIA(5,12,14)
TRIA(5,12,14)
TRIA(5,12,14)
X-ray*
TRIA(5,8,12)
TRIA(5,8,12)
TRIA(5,8,12)
Composure Time*
TRIA(6,25,120)
TRIA(6,25,120)
TRIA(6,25,120)
AIT
TRIA(3,5,7)
TRAI3,5,7)
TRAI3,5,7)
Leisure
TDC
TRIA(7, 15, 45)
TRIA(7, 15, 45)
TRIA(7, 15, 45)
Divest Time
Three Spaces
TRIA(5,12,14)
TRIA(5,12,14)
TRIA(5,12,14)
Four Spaces
TRIA(7,13,16)
TRIA(7,13,16)
TRIA(7,13,16)
Five Spaces
TRIA(8,14,17)
TRIA(8,14,17)
TRIA(8,14,17)
X-ray*
TRIA(5,8,12)
TRIA(5,8,12)
TRIA(5,8,12)
Composure Time**
TRIA(6,25,120)
TRIA(6,25,120)
0
AIT
TRIA(3,5,7)
TRAI3,5,7)
TRAI3,5,7)
Human Speed (m/min)
UNIF(84,110)
UNIF(84,110)
UNIF(84,110)
Conveyor Speed (m/ min)
150
150
150
* The estimate is applied to every space (luggage or tray) occupied in the conveyor.
** There is no composure time associated with leisure passengers in Alternative 2 model.
PreCheck

TABLE 2. MODELS PROBABILITY DISTRIBUTION FUNCTIONS
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TABLE 3. VALIDATION FACTOR LEVELS
Low

High

A

Arrival Rate (passengers/hr)

120

150

B

Expedited %

25

70

C

TCD Time (s)

10

20

D

X-Ray Time (s)

6

10

VALIDATION FACTORIAL DESIGN UNITS
Expedited %

Standard Arrival Rate
(passengers/hr)

TDC Processing Time (s)

X-Ray Processing Time (s)

Expedited Tput
(Passengers/hr)

Leisure Tput
(Passengers/hr)

Expedited Time to
Composure (s)

Leisure Time to
Composure (s)

TABLE 4. VALIDATION FACTORIAL DESIGN – BASE MODEL

1
a
b
ab
c
ac
bc
abc
d
ad
bd
abd
cd
ac
bd
abcd

Expedited
%

Standard
Arrival
Rate

-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1

-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

TDC
X-Ray
Processing Processing
Time
Time
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

Expedited
Tput

Leisure
Tput

Expedited
Time to
Composure

Leisure
Time to
Composure

29.716
82.928
33.797
98.697
29.256
82.537
30.928
87.609
30.087
82.116
33.816
99.181
29.281
82.444
31.347
88.147

88.644
35.878
102.3
42.15
88.206
35.425
94.084
37.916
89.541
36.175
101.947
42.103
88.203
34.612
93.544
37.141

2.465
1.78
23.833
13.435
4.947
4.151
46.001
45.011
2.557
1.836
24.479
15.592
4.353
4.253
43.802
44.495

2.778
1.863
24.214
13.55
5.198
4.249
46.103
44.838
2.848
1.948
24.757
15.605
4.559
4.336
44.279
44.719
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TABLE 5. VALIDATION FACTORIAL DESIGN - ALTERNATIVE 1 MODEL

1
a
b
ab
c
ac
bc
abc
d
ad
bd
abd
cd
ac
bd
abcd

Expedited
%

Standard
Arrival
Rate

TDC
Processing
Time

X-Ray
Processing
Time

Expedit
ed Tput

Leisure
Tput

Expedited
Time to
Composure

Leisure
Time to
Composure

-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1

-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

29.556
82.953
36.622
103.322
29.975
83.197
37.563
104.278
29.478
82.681
37.056
103.728
29.422
83.947
37.128
103.997

58.688
35.109
58.953
44.241
58.866
35.941
58.872
45.281
58.778
36.197
59.138
44.272
58.778
35.594
58.591
44.609

0.715
0.973
0.73
1.253
0.794
1.223
0.82
1.82
0.71
0.986
0.738
1.267
0.793
1.216
0.819
1.881

91.768
1.263
127.001
2.023
93.244
1.392
127.469
2.324
93.947
1.348
125.815
2.284
93.403
1.404
129.028
2.251

TABLE 6. VALIDATION FACTORIAL DESIGN - ALTERNATIVE 2

1
a
b
ab
c
ac
bc
abc
d
ad
bd
abd
cd
ac
bd
abcd

Expedited
%

Standard
Arrival
Rate

TDC
Processing
Time

X-Ray
Processin
g Time

Expedited
Tput

Leisure
Tput

Expedited
Time to
Composure

Leisure
Time to
Composure

-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1

-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

29.528
83.019
36.931
104.356
29.781
82.934
37
104.403
29.547
83.381
37.462
103.353
29.9
83.591
36.875
103.719

89.416
35.791
111.647
45.269
89.338
35.231
111.619
44.95
90.181
35.997
106.938
44.806
88.987
35.453
106.8
44.522

0.718
0.993
0.741
1.317
0.79
1.202
0.816
1.966
0.714
0.974
0.739
1.31
0.796
1.215
0.82
1.941

1.408
0.866
2.537
0.921
1.56
0.928
3.188
0.986
2.284
0.913
14.981
0.977
2.176
0.97
14.38
1.039
50

TABLE 7. FACTOR LEVELS FOR EXPERIMENTATION FACTORIAL DESIGN
Factors
Base Model
Alternative 1
Alternative 2

Standard Passengers' Arrival Rate
Low
High
135
160
135
160
135
160

TABLE 8. FACTORIAL DESIGN FOR EXPERIMENTATION
Base Model
Standard Tput Express TC
129.966
9.123
133.05
45.142

Leisure TC
9.439
45.517

Arrival Rate
135
160

Alternative 1 Model
Standard Tput
Express TC
108.825
0.833
116.506
0.866

Leisure TC
84.749
112.148

Arrival Rate
135
160

Alternative 2 Model
Standard Tput
Express TC
134.6
0.826
159.563
0.879

Leisure TC
1.525
2.513

Arrival Rate
135
160
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